Introduction
============

Parkinson's disease (PD) is a neurodegenerative disorder which is characterized by progressive loss of dopaminergic neurons in the substantia nigra.[@b1-dddt-8-2173] As one of the most common neurological diseases, PD affects approximately 1% of the human population.[@b2-dddt-8-2173] To relieve dopamine depletion, L-3,4-dihydroxyphenylalanine (L-DOPA), a dopamine precursor, has been used to treat PD and it to date remains the most effective drug for the treatment of PD.[@b3-dddt-8-2173] However, L-DOPA therapy causes a noticeable side effect. With the progression of the disease, L-DOPA reduces the parkinsonism at the cost of evoking motor complications.[@b4-dddt-8-2173],[@b5-dddt-8-2173] In fact, L-DOPA-induced motor complications can become so severely disabling as to negate any clinical benefit from dopaminergic therapy and significant efforts must be made to maintain control of symptoms in the advanced PD patient. Thus, we are forced to find an alternative drug which can reduce L-DOPA-induced motor complications without affecting L-DOPA-induced movements. At this point in time, the pathogenesis of L-DOPA-induced motor complications is not fully understood. Available data from recent studies seem to link distinct plastic changes in striatal neurons to L-DOPA-induced motor complications.[@b6-dddt-8-2173],[@b7-dddt-8-2173] In animals showing L-DOPA-induced motor complications after repeated L-DOPA administration, phosphorylation levels of dopamine- and cAMP-regulated phosphoprotein of 32 kDa (DARPP-32) and extracellular signal-regulated kinases 1 and 2 (ERK1/2) were increased in striatal neurons.[@b8-dddt-8-2173]--[@b10-dddt-8-2173] These increases are believed to play a role, and are considered to be characteristic neurochemical changes in the development of L-DOPA-induced motor complications.

Previous studies have reported that the cannabinoid receptor agonist seems to be effective in attenuating L-DOPA-induced dyskinesia in experimental animals and patients,[@b11-dddt-8-2173]--[@b14-dddt-8-2173] even though precise mechanisms underlying the anti-dyskinetic properties of the cannabinoid receptor agonist are unclear. It has been proposed that cannabinoids may affect psychomotor activity via regulating a signaling cascade in striatal projection neurons involving protein kinase A (PKA)-dependent phosphorylation of DARPP-32.[@b15-dddt-8-2173] However, the direct effect of the cannabinoid receptor agonist on the L-DOPA-stimulated phosphorylation of ERK1/2 has not been explored at present.

In this study, we attempted to investigate whether pharmacological activation of cannabinoid receptors with a selective agonist alters motor fluctuation induced by repeated injections of L-DOPA during the treatment of PD. A rat model of unilateral 6-hydroxydopamine (6-OHDA)-induced PD was used. In addition to neurobehavioral studies, we tested whether the cannabinoid receptor agonist affects the L-DOPA-associated phosphorylation of the molecular marker (DARPP-32, ERK1/2) in striatal neurons.

Materials and methods
=====================

Animals
-------

Adult Sprague Dawley female rats (180--220 g) were used in this study. Animals were individually housed in clear plastic cages in a controlled environment at a constant temperature of 23°C and humidity of 50%±10% with food and water available ad libitum. The animal room was on a 12/12 hours light/dark cycle with lights on at 7:00 am. The rats were allowed 6--7 days of habituation to the animal colony before any treatment began. All protocols involving animals were approved by the Institutional Review Board of Xinhua Hospital and were performed according to the guidelines of the National Institutes of Health for the care and use of laboratory animals (NIH publication No 80-23).

Dopaminergic lesions
--------------------

For creation of the 6-OHDA lesion, the rat was anesthetized with an intraperitoneal (IP) injection of pentobarbital (50 mg/kg). The animal's head was fixed in a stereotactic apparatus (Narishige, Tokyo, Japan). All animals received injections of a total of 8 μg of 6-OHDA (dissolved in 4 μl of 0.9% physiological saline containing 0.02% ascorbic acid \[Sigma-Aldrich Co., St Louis, MO, USA\]). The coordinates were calculated with reference to bregma for the anterioposterior and the mediolateral coordinates using the rat brain atlas[@b16-dddt-8-2173] as follows: 1) anterioposterior -- 3.7, mediolateral -- 1.7; 2) anterioposterior -- 4.4, mediolateral -- 1.2. The dorsoventral position of all injections was −7.8 mm below the dura and the tooth bar set to −2.4 mm. Three weeks after injections, the rats that exhibited a stable apomorphine-induced rotational asymmetry of at least seven full turns per minute away from the lesioned side were selected for the next experiment. It has been previously demonstrated that rats meeting this criterion have a greater than 90% depletion of striatal dopamine.[@b17-dddt-8-2173]

Treatment
---------

Two experiments were conducted in this work. In the first experiment, the effect of acute IP administration of the CB1 receptor agonist WIN-55,212-2 (Cayman Chemical Company, MI, USA) on L-DOPA-treated rats was evaluated. Fourteen 6-OHDA-lesioned rats were treated with L-DOPA (50 mg/kg plus benserazide 12.5 mg/kg, IP), twice daily for 21 consecutive days. At day 22, fourteen rats were randomly divided into two groups and received co-administration of WIN-55,212-2 (1 mg/kg) or vehicle with L-DOPA (50 mg/kg) and benserazide (12.5 mg/kg). The dose of WIN-55,212-2 (1 mg/kg) was chosen because the agonist at this dose effectively activated the CB1 receptor in vivo.[@b18-dddt-8-2173] In the second experiment, the effect of chronic administration of WIN-55,212-2 on rats treated with L-DOPA was investigated. Fourteen 6-OHDA-lesioned rats were randomly divided into two groups. Animals in the first group were treated with co-administration (IP) of WIN-55,212-2 (1 mg/kg) with L-DOPA (50 mg/kg) and benserazide (12.5 mg/kg) for 21 days. Animals in the second group were treated with co-administration of vehicle with L-DOPA (50 mg/kg) and benserazide (12.5 mg/kg) for 21 days. Seven 6-OHDA-lesioned rats with injections of vehicle for 21 days served as the control.

Behavioral assessment
---------------------

Rotational behavior was measured immediately after L-DOPA administration at the date indicated (1, 7, 14, 21, and 22 days). The duration of the rotational response was measured as the time between the first 5-minute interval when turning exceeded 20% of the peak rate and the first 5-minute interval when turning fell below 20% of the peak rate. The peak intensity of rotation was measured as the peak number of contralateral turns in any 5-minute interval. L-DOPA response failure was defined as the rats showing no obvious rotations during 5 minutes after L-DOPA administrations. Behavioral assessment was measured manually by a researcher who was blinded to this study.

Western blot
------------

Animals were deeply anesthetized with pentobarbital (50 mg/kg, IP) and decapitated. Brains were quickly removed and the striatum was dissected. Striatal tissues were homogenized (1:10, weight-to-volume) in a homogenization buffer containing 20 mM Tris--HCl (pH 7.4), 150 mM NaCl, 1% Triton-100, 1 mM NaF, 100 μM phenylmethylsulfonyl fluoride, and freshly-added protease inhibitor cocktail (Calbiochem, La Jolla, CA, USA). Cytosol fractions were prepared by centrifugation at 12,000× *g* for 10 minutes at 4°C. Total protein samples (40 μg) were separated on a 10% sodium dodecyl sulphate--polyacrylamide gel and electrophoretically transferred to polyvinylidene difluoride membranes in a Tris--glycine transfer buffer. The membranes were blocked in 5% (weight-to-volume) instant non-fat dried milk for 2 hours at room temperature, and incubated with primary antibodies against DARPP-32 (1:1000), ERK1/2 (1:1000), phospho-DARPP-32 at Thr75 (pDARPP-32; 1:500), phospho-ERK1/2 at Thr202/Tyr204 (pERK1/2, 1:500), β-actin (1:1000), α-tubulin (1:1000) at 4°C overnight. β-actin and α-tubulin were used as a loading control. All antibodies were purchased from Cell Signaling Technology, Inc., (Danvers, MA, USA). The membranes were subsequently washed with tris-buffered saline (50 mM Tris--HCl, pH 7.5, 150 mM NaCl, and 0.05% Tween 20) and incubated with secondary horseradish peroxidase-conjugated IgG (1:1000) for 1 hour at room temperature. Immunoreactive proteins were visualized by LumiGLO (Cell Signaling Technology, Beverly, MA, USA) chemiluminescent reagent and peroxide. The light-emitting bands were detected with X-ray films. Quantitative analysis of Western blots was performed by calculating the relative density of the immunoreactive bands after acquisition of the blot image with a Nikon charge-coupled device video camera module and analysis with NIH Image (1.34). Values of each band of sample, after background subtraction, are compared with that of β-actin or α-tubulin and expressed as the mean percent of unlesioned striatum for each immunoblot.

Statistics
----------

Data are expressed as mean ± standard error of mean. Statistical analysis was conducted by one-way analysis of variance, followed by Dunnett's *t*-test. A *P*-value of less than 0.05 was considered statistically significant.

Results
=======

Effects of acute administration of WIN-55,212-2 on L-DOPA-induced motor fluctuation
-----------------------------------------------------------------------------------

We first tested whether acute administration of the CB1 cannabinoid receptor agonist WIN-55,212-2 alters L-DOPA-induced motor fluctuation. At day 1, 7, 14, 21, and 22, L-DOPA-induced motor responses were measured immediately after L-DOPA injection (day 22) or after the second L-DOPA injection (day 1, 7, 14, and 21). We found that a daily injection of L-DOPA (days 1--21) shortened the duration of rotational responses ([Figure 1A](#f1-dddt-8-2173){ref-type="fig"}). Similarly, L-DOPA increased peak turning responses ([Figure 1C](#f1-dddt-8-2173){ref-type="fig"}). Since the shortened response duration resembled human motor fluctuation, daily L-DOPA in our experiments produced reliable wearing-off response. We then tested whether acute WIN-55,212-2 injection has any impact on L-DOPA-induced motor fluctuation responses. At day 22, pretreatment with WIN-55,212-2 did not modify the duration of rotational responses to L-DOPA ([Figure 1B](#f1-dddt-8-2173){ref-type="fig"}). No significant effect of WIN-55,212-2 was found on the peak turning ([Figure 1D](#f1-dddt-8-2173){ref-type="fig"}). Thus, a single dose of WIN-55,212-2 seems to be ineffective in affecting L-DOPA-induced motor fluctuation behavior.

Effects of chronic administration of WIN-55,212-2 on L-DOPA-induced motor fluctuation
-------------------------------------------------------------------------------------

We then examined the effect of chronic administration of WIN-55,212-2. To this end, WIN-55,212-2 was administered 30 minutes prior to each injection of L-DOPA for 21 days. We found that WIN-55,212-2 partially and significantly blocked the L-DOPA-induced motor fluctuation in terms of the duration of rotational responses. As shown in [Figure 2A](#f2-dddt-8-2173){ref-type="fig"}, at day 14 and day 21, the duration of rotational responses in WIN-55,212-2-treated rats was 153.33±5.77 minutes and 153.33±5.77 minutes, which was significantly longer than the vehicle plus L-DOPA group (126.67±5.77 and 106.67±7.64 minutes). Although not statistically significant, WIN-55,212-2 showed the potential to reduce the amplitude of increased peak turning induced by L-DOPA at day 7, 14 and 21 ([Figure 2B](#f2-dddt-8-2173){ref-type="fig"}). These results demonstrate that the CB1 cannabinoid receptor agonist possesses the ability to alleviate L-DOPA-induced motor fluctuation.

Effects of WIN-55,212-2 on L-DOPA response failures
---------------------------------------------------

Prolonged L-DOPA administration causes characteristic L-DOPA response failures. We then evaluated whether chronic WIN-55,212-2 administration alters the response failure rate. During the first week of twice daily vehicle plus L-DOPA administration, approximately 3.6% of injections failed to elicit a motor response. Animals did not show any other signs of L-DOPA-induced response. By the second and third week of L-DOPA treatment, the frequency of ineffective injections (response failures) had increased to 23.8% and 28.6% separately, and this was observed in 100% of the animals treated with L-DOPA plus vehicle. However, only one injection failed to elicit a motor response in one rat during the chronic WIN-55,212-2 plus L-DOPA treatment. Thus, chronic administration of WIN-55,212-2 is able to reduce the occurrence of L-DOPA response failures.

Effects of WIN-55,212-2 on L-DOPA-stimulated DARPP-32 phosphorylation
---------------------------------------------------------------------

The phosphorylation site and level of DARPP-32 is a biochemical marker of L-DOPA-induced dyskinesia. We thus tested whether WIN-55,212-2 affects L-DOPA-induced DARPP-32 phosphorylation in striatal neurons. As shown in [Figure 3](#f3-dddt-8-2173){ref-type="fig"}, daily injections of L-DOPA (50 mg/kg, IP, benserazide 12.5 mg/kg, IP) produced a significant decrease in DARPP-32 phosphorylation at Thr75 site in the striatum (48.97%±1.57%, *F*=814.77). Noticeably, co-administration of WIN-55,212-2 (1 mg/kg, IP) with L-DOPA induced an advanced decrease in phosphorylation DARPP-32 level (35.23%±3.67%, *F*=814.77). These data indicate that WIN-55,212-2 alters the response of DARPP-32 to L-DOPA.

Effects of WIN-55,212-2 on L-DOPA-stimulated ERK1/2 phosphorylation
-------------------------------------------------------------------

To determine the role of CB1 receptors in regulating ERK1/2 responses to L-DOPA, we tested the effect of WIN-55,212-2 on L-DOPA-stimulated ERK1/2 phosphorylation. As shown in [Figure 4](#f4-dddt-8-2173){ref-type="fig"}, L-DOPA (50 mg/kg, IP, benserazide 12.5 mg/kg, IP, twice daily for 21 days) induced a significant increase in phosphorylated ERK1/2 protein levels in the striatum (124.81%±3.74%, *F*=1858.39). WIN-55,212-2 co-administered with L-DOPA blocked this increase (117.07±1.46, *F*=1858.39), but did not normalize to the vehicle group level. But these results still indicate that ERK1/2 phosphorylation induced by L-DOPA was a signaling event sensitive to the downregulation by CB1 receptors.

Discussion
==========

This study investigated the effect of the CB1 cannabinoid receptor agonist on L-DOPA-induced motor fluctuation behavior and neurochemical changes in rat striatal neurons in vivo. We found that acute injection of the CB1 receptor agonist WIN-55,212-2 did not affect rotational responses to L-DOPA. Of note, chronic WIN-55,212-2 administration substantially blocked motor fluctuation induced by L-DOPA. Additionally, chronic administration of WIN-55,212-2 blocked L-DOPA-induced ERK1/2 phosphorylation alteration in the striatum. These data suggest that the CB1 receptor is a sensitive site for influencing the development of motor fluctuation. Stimulation of these receptors exerts an inhibitory modulation of abnormal responses to L-DOPA.

In the 6-OHDA-lesioned rat model of PD, chronic L-DOPA administration readily induced motor fluctuation behavior in this study and others.[@b19-dddt-8-2173]--[@b21-dddt-8-2173] These changes in the motor response are considered as a valid model of the "wearing off" motor fluctuation.[@b17-dddt-8-2173] L-DOPA-induced dyskinesia is common, but not necessarily present in patients who have developed a "wearing off" response, and, indeed, both motor complications are not believed to originate by the same mechanisms.[@b22-dddt-8-2173] It has been reported that administration of the cannabinoid agonist can attenuate L-DOPA-induced dyskinesia by assessing axial, limb, and oral abnormal involuntary movements.[@b11-dddt-8-2173]--[@b13-dddt-8-2173] Our result demonstrated co-administration of the CB1 cannabinoid receptor agonist WIN-55,212-2 ameliorated the motor fluctuation and response failures induced by L-DOPA. In contrast to chronic treatment, acute administration of WIN-55,212-2 had no significant effect on the L-DOPA-induced motor fluctuation. Thus, repeated stimulation of CB1 receptors seems to be needed to render the receptor efficacy in suppressing motor fluctuation.

How CB1 receptors inhibit L-DOPA-induced motor fluctuation is unclear. CB1 receptors are known to be enriched in brain areas important for the regulation of motor activity, including the basal ganglia.[@b23-dddt-8-2173] The receptor and its endogenous ligand endocannabinoid play a critical role in the modulation of basal ganglia activity.[@b24-dddt-8-2173],[@b25-dddt-8-2173] CB1 receptors are also known to co-express with dopamine D1, D2 receptors in the striatum.[@b23-dddt-8-2173] This co-expression has a functional implication as stimulation of CB1 receptors modified D1, D2-mediated cellular and behavioral responses.[@b26-dddt-8-2173] Since non-physiological stimulation of dopamine receptors contributes enormously to the development of L-DOPA-induced motor complications,[@b27-dddt-8-2173]--[@b29-dddt-8-2173] CB1 receptors are believed to counteract with dopamine receptors to antagonize the side effect of L-DOPA. In addition, CB1 receptors are shown to modify striatal glutamatergic and GABAergic activity.[@b30-dddt-8-2173] Through modifying these systems, CB1 receptors may exert their action.

At the transcriptional level, we found that CB1 stimulation downregulates the phosphorylation of DARPP-32 at Thr75 site, and suppresses the L-DOPA-induced upregulation of ERK phosphorylation. DARPP-32, which is abundantly expressed in the medium spiny neurons of the striatum is one of important downstream effectors of the cAMP/PKA pathway.[@b31-dddt-8-2173] Its phosphorylation at Thr34 by PKA converts it into an effective inhibitor of protein phosphatase-1, a phosphatase highly expressed in striatal medium spiny neurons.[@b32-dddt-8-2173],[@b33-dddt-8-2173] By inhibiting protein phosphatase-1, DARPP-32 increases phosphorylation of distinct signaling proteins important for the regulation of gene expression. In addition to Thr-34, phosphorylation of DARPP-32 at Thr-75 site by cyclin--dependent kinase 5 blocks PKA-mediated phosphorylation of Thr-34 of DARPP-32, thereby oppositely modulating the efficacy of the PKA signaling cascade.[@b34-dddt-8-2173] The striatonigral and striatopallidal pathways exert opposing influence on the basal ganglia's control of locomotor function.[@b35-dddt-8-2173]

Therefore, the stimulation of the PKA pathway in striatonigral projecting neurons enhances the locomotor activity, and in striatopallidal projecting neurons acts oppositely.[@b36-dddt-8-2173] It was reported that the motor depression produced by CP55,940, a CB1 receptor agonist, was reduced by genetic inactivation either of dopamine D2 receptors or of adenosine A~2A~ receptors.[@b15-dddt-8-2173] This indicates that a considerable proportion of the psychomotor effect of cannabinoids can be accounted for by a signaling cascade in striatopallidal projecting neurons involving PKA-dependent phosphorylation of DARPP-32, achieved via modulation of dopamine D2 and adenosine A~2A~ transmission. Therefore, the motor suppression effect induced by co-administration of WIN-55,212-2 may occur through stimulating the PKA pathway in striatopallidal projecting neurons.

Active ERK1/2 have been well documented to be translocated into the nucleus to activate discrete transcription factors such as cAMP-responsive element-binding protein and Elk-1.[@b37-dddt-8-2173] Active cAMP-responsive element-binding protein and Elk-1 then regulate a program of gene expression to contribute to L-DOPA-induced motor complications. In this study, the CB1 receptor agonist showed the ability to suppress the L-DOPA-stimulated ERK1/2 phosphorylation, but did not normalize the ERK phosphorylation to PD group level. Thus, CB1 receptors may prevent motor fluctuation through a mechanism involving the modulation of the striatonigral and striatopallidal pathway.

The study was supported by the Key Science Development Program of Shanghai Municipal Education Commission China (No. 10ZZ72), the National Science Foundation of China (No. 81171203 and 81200871), and NIH grants (R01DA010355 and R01MH061469).

**Disclosure**

The authors report no conflicts of interest in this work.

![Effects of acute administration of WIN-55,212-2 on dyskinetic responses to L-DOPA in 6-OHDA-lesioned rats.\
**Notes:** (**A**) Effects of chronic L-DOPA administration on the duration of rotational responses. (**B**) Effects of WIN-55,212-2 on the duration of rotational responses to L-DOPA. (**C**) Effects of chronic L-DOPA administration on peak turning responses. (**D**) Effects of WIN-55,212-2 on peak turning responses to L-DOPA. All 6-OHDA-lesioned rats received IP injections of L-DOPA at 50 mg/kg and benserazide at 12.5 mg/kg (twice daily for 21 days). Rotational responses and peak turning were measured immediately after L-DOPA injections at day 1, 7, 14, and 21 (**A** and **C**). At day 22, rats were randomly divided into two groups (n=7 per group) and received co-administration of WIN-55,212-2 (1 mg/kg, IP) or vehicle with L-DOPA/benserazide. Behavioral activities were measured following L-DOPA injection (**C** and **D**). \**P*\<0.05 versus day 1.\
**Abbreviations:** 6-OHDA, 6-hydroxydopamine; IP, intraperitoneal; L-DOPA, L-3,4-dihydroxyphenylalanine.](dddt-8-2173Fig1){#f1-dddt-8-2173}

![Effects of chronic administration of WIN-55,212-2 on dyskinetic responses to L-DOPA in 6-OHDA-lesioned rats.\
**Notes:** (**A**) Effects of WIN-55,212-2 on the duration of rotational responses to L-DOPA. (**B**) Effects of WIN-55,212-2 on peak turning responses to L-DOPA. In 6-OHDA-lesioned rats, WIN-55,212-2 (1 mg/kg, IP) or vehicle was co-administered with L-DOPA (50 mg/kg, IP) and benserazide (12.5 mg/kg, IP) for 21 days. Rotational responses and peak turning were measured immediately after L-DOPA injection at day 1, 7, 14, and 21. Data are expressed as means ± SEM (n=7 per group). \**P*\<0.05 versus vehicle plus L-DOPA.\
**Abbreviations:** 6-OHDA, 6-hydroxydopamine; IP, intraperitoneal; L-DOPA, L-3,4-dihydroxyphenylalanine; SEM, standard error of mean.](dddt-8-2173Fig2){#f2-dddt-8-2173}

![Effects of chronic administration of WIN-55,212-2 on L-DOPA-stimulated DARPP-32 phosphorylation in 6-OHDA-lesioned rats.\
**Notes:** Representative Western blots are shown above the quantification of immunoblot results. Note that WIN-55,212-2 substantially changed L-DOPA-stimulated DARPP-32 phosphorylation. In the three groups of 6-OHDA-lesioned rats, daily injections of vehicle, vehicle plus L-DOPA, or WIN-55,212-2 plus L-DOPA were made for 21 days. At day 22, rats were sacrificed and striatal tissue was dissected for immunoblot analysis. Data are expressed as means ± SEM (n=6 per group). \**P*\<0.05 versus vehicle; ^\#^*P*\<0.05 versus vehicle plus L-DOPA.\
**Abbreviations:** 6-OHDA, 6-hydroxydopamine; DARPP-32, dopamine- and cAMP-regulated phosphoprotein of 32 kDa; IP, intraperitoneal; L, lesioned striatum; L-DOPA, L-3,4-dihydroxyphenylalanine; P-DARPP-32, phosphorylated DARPP-32; SEM, standard error of mean; U, unlesioned striatum.](dddt-8-2173Fig3){#f3-dddt-8-2173}

![Effects of chronic administration of WIN-55,212-2 on L-DOPA-stimulated ERK1/2 phosphorylation in 6-OHDA-lesioned rats.\
**Notes:** Representative Western blots are shown above the quantification of immunoblot results. Note that WIN-55,212-2 substantially blocked L-DOPA-stimulated ERK1/2 phosphorylation. In the three groups of 6-OHDA-lesioned rats, daily injections of vehicle, vehicle plus L-DOPA, or WIN-55,212-2 plus L-DOPA were made for 21 days. At day 22, rats were sacrificed and striatal tissue was dissected for immunoblot analysis. Data area expressed as means ± SEM (n=6 per group). \**P*\<0.05 versus vehicle; ^\#^*P*\<0.05 versus vehicle plus L-DOPA.\
**Abbreviations:** 6-OHDA, 6-hydroxydopamine; ERK1/2 extracellular signal-regulated kinases 1 and 2; L, lesioned striatum; L-DOPA, L-3,4-dihydroxyphenylalanine; phospho, phosphorylated; SEM, standard error of mean; U, unlesioned striatum.](dddt-8-2173Fig4){#f4-dddt-8-2173}
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